The Least Mean Squares Blind Adaptive Multi-user Detection algorithm, the Recursive Least Squares Blind Adaptive Multi-user Detection algorithm, and the Kalman Filter Blind Adaptive Multi-user Detection algorithm, for under-ice communication networks with rising and diving interfering users, are investigated in this paper. Under-ice random asynchronous multi-user communication experiments with rising and diving interfering users were carried out (7 users, 15.7 bit/s per user, 1.2 km under-ice acoustic channels in the Bohai Sea). Good experimental results verified the feasibility and effectiveness of the proposed algorithms in mitigating inter-symbol interference and multiple access interference. 
Introduction
Due to the global warming in recent decades, the area of Arctic sea ice has been decreasing continually, leading to new opportunities for opening passages in the Arctic Ocean. Hence, the abundance of natural resources and strategic unique position of the Arctic attract intensive interests of many maritime nations. However, from the perspective of underwater acoustic communications, the under-ice environment of the Arctic Ocean poses new challenges, because the upper interfaces of conventional underwater communications and under-ice communications are entirely different. 1 Therefore, there is a need to carry out research on communication technologies applicable to under-ice acoustic channels.
Currently, there are many organisations researching and experimenting on underwater acoustic communication networks. [2] [3] [4] [5] [6] [7] [8] [9] However, to date no one else worked on under-ice multi-user acoustic communications. We proposed a Kalman Filter based blind adaptive multi-user detection algorithm and tested it in under-ice environment in Songhua River with eight users in January 2015, 9 which verified the feasibility of under-ice multi-user communications in the river.
In this letter, we report under-ice experimental results of code division multiple access (CDMA) systems in the Bohai Sea. In the experiments, three algorithms, that is, Least Mean Squares Blind Adaptive Multi-user Detection (LMS-BAMUD) algorithm, Recursive Least Squares Blind Adaptive Multi-user Detection (RLS-BAMUD) algorithm, and Kalman Filter Blind Adaptive Multi-user Detection (KF-BAMUD) algorithm, were employed to mitigate inter-symbol interference (ISI) and multiple access interference (MAI). We investigate their performance in the under-ice environment through experiments, and good experimental results were achieved, which verify the effectiveness of the proposed algorithms in under-ice environment in the sea.
System model
We consider a code division multiple access (CDMA) system. Each user is assigned a spreading sequence. Without loss of generality, user1 is designated as the expected user. The received signal within a symbol interval is expressed as
where y(n) and v(n) are vectors that denote the received signal and the ambient noise that is assumed to be additive white Gaussian, respectively. Note that in this paper, ISI is treated the same way as MAI. That is, each distinct path of the received signal is treated as a virtual user. For instance, if there are four users and each user has a three-path channel, then the total number of virtual users is 12. In Eq. (1), K is the total number of virtual users, A k is the kth virtual user's amplitude, b k (n) is the kth virtual user's data symbol, which takes 61 with independent and identical distribution. Let N s be the spreading gain. s k is the kth virtual user's signature waveform, where s 
The signal-to-interference ratio (SIR) is defined as follows:
where P ExpectedUser1 and P InterferingUsers are the power of the expected user1 and the total power of other users received by the expected user, respectively.
LMS-, RLS-, and KF-BAMUD algorithms
The existing Blind Adaptive Multi-user Detection (BAMUD) algorithms can be divided into three categories: LMS-, RLS-, and KF-BAMUD algorithms. All of them are blind algorithms, therefore it does not need the values of A k and K.
LMS-BAMUD algorithm
Initialization:
where Z MF (n) and Z(n) are the nth outputs of conventional single-user matched filter and the linear transformation, x 1 (n) is the corresponding component orthogonal to the signature waveform vector s 1 of user1, and l is the step size.
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RLS-BAMUD algorithm
where R(n) is the autocorrelation matrix of the received signal y(n) and 0 < k < 1 is the forgetting factor. 
where K(n) is the filter gain, P(n/n À 1) the one-step prediction error variance matrix, d T (n) measurement matrix, n min the minimum mean output energy of the dynamical system of user1, I an identity matrix,ŵ opt1 ðnÞ the estimation to the optimal weight vector w opt1 ðnÞ of user1,ỹðnÞ 1Â1 ¼ y T ðnÞ 1ÂN s s 1 Ns Â1 measurement data, and the columns of matrix C 1,null span the null space of s 1 , i.e., hs 1 ;
The structure of the proposed BAMUD communication system is shown in Fig. 1 , where gold sequence (GS) is a type of binary sequence used in CDMA.
Under-ice experiment with rising and diving interfering users in Bohai Sea in January 2016
Only one transducer and one scalar hydrophone were used each time due to the limited experimental resources available. The transducer was deployed at different sites to simulate multi-user data transmission, while the hydrophone was fixed in one place. Offline random asynchronous superposition of received signals was then treated as the received signal of a multi-user communication. Binary phase shift keying was used, and the spreading sequence length N s ¼ 127. In the experiment, for the carrier demodulation of the expected user1, an average phase was used to compensate for the phase deviation, and the average phase was estimated using a pilot sequence. We artificially change the power of one interfering user by multiplying its signal with a constant to adjust the SIR of expected user1 for all experiments. The de-correlation (DE-CORR) algorithm based on GS was used as a benchmark.
A system consisting of seven users was tested in this experiment. The carrier frequency, sampling frequency, and bandwidth were set to 10, 96, and 2 kHz, respectively. Each user transmitted 75 symbols in 4.76 s with a symbol rate 15.7 bit/s. A scalar hydrophone was used at the receiver which was placed 6 m under ice. For mobile interfering users, within one transmission (75 symbols), the hydrophone moves from a depth of 6 m to a depth of 1 m for rising, and from a depth of 1 m to a depth of 6 m for diving. Under-ice deployment of transducer and hydrophone is shown in Fig. 2 . Relative positions between the seven users and the hydrophone are shown in Table 1 . Relative positions between the seven users and hydrophone. In order to observe the BERs of the expected user1, we took random asynchronous superimposed received signal of the seven users and set SIR ¼ À11 dB. Additive white Gaussian noises were added to make the signal-to-noise ratio (SNR) of the expected user1 ranging from À20 to 0 dB. We tested a total of 200 groups of random noises to get a BER point. The BERs of the expected user1 are shown in Fig.  4(d) . From Figs. 4(c) and 4(d) , the BERs of BAMUD algorithms decrease along with the increase of SIR and SNR, and Figs. 4(c) and 4(d) also demonstrate that the KF-BAMUD algorithm is the most effective in mitigating ISI and MAI for under-ice communications with rising and diving interfering users.
Conclusion
This paper has proposed to use KF-, RLS-, and LMS-BAMUD algorithms for CDMA based under-ice communication networks with mobile interfering users. The proposed BAMUD communication system solves the channel equalization problem and MAI mitigation problem simultaneously. Besides, an under-ice random asynchronous multi-user communication experiment with rising and diving interfering users was carried out, which demonstrated that the proposed algorithms and the corresponding communication systems are effective for practical applications in under-ice environment in the sea with mobile interfering users.
